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RUMEN MICROBIAL DIGESTION AND AMINO ACID FLOW
1 Interpretive Summary 1 Environmental and economic sustainability of milk protein production in dairy cattle requires 2 reducing nitrogen intake while maximizing post rumen flow of amino acids. Byproducts from 3 human food production can provide key nutrients for rumen microbial populations. The objective 4 of this study was to evaluate the effects of a commercial fermentation byproduct on omasal flow 5 of amino acids from non-microbial, bacterial, and protozoal flows. Observed digestion 6 parameters were compared against predictions from a mathematical model. Results indicate that 7 fermentation byproduct can be successfully used to increase post rumen flow of amino acids 8 while maintaining high levels of rumen microbial activity. commercially available fermentation byproduct feed derived from glutamic acid production and 63 4 contains high amounts of rumen available nitrogen compounds in the form of soluble AA and 64 small peptides (Fessenden, 2016) . Lean et al. (2005) reported an increase in microbial protein 65 flow from continuous fermenters fed fermentation byproduct. The authors attributed this increase 66 in microbial biomass to stimulation of microbial protein synthesis by small peptides and AA 67 (Cotta and Russell, 1982) . However, experiments on the same byproducts in vivo have not 68 demonstrated consistent production responses (Broderick et al., 2000 , Penner et al., 2009 . In a 69 companion paper, Fessenden et al. (20XXa) demonstrated that fermentation byproduct decreased 70 dietary protein degradation in the rumen by approximately 15%, indicating a possible sparing 71 effect of degradable protein through and unknown mechanism. The results from the first portion 72 of the study warranted further investigation into possible effects on omasal AA flow, the 73 partition of N flows between microbial and non-microbial fractions, and the effects on microbial 74 growth and digestion parameters. 75
Mathematical models such as the Cornell Net Carbohydrate and Protein system (CNCPS) 76 (Higgs et al., 2015 , Van Amburgh et al., 2015 have been successfully used to optimize rumen 77 microbial output and meet animal nutrient requirements while reducing N losses to the 78 environment (Tylutki et al., 2008) . A new, dynamic and more mechanistic version of the CNCPS 79 was developed (Higgs, 2014 ) that describes rumen degradation of substrates with mechanistic 80 representations of growth of bacteria and protozoa and includes interactions among protozoa and 81 bacteria such as predation and intra-ruminal microbial N turnover. Evaluations of this model 82 indicated a strong ability to predict the partitioning between microbial and non-microbial 83 nitrogen flows; however the partitioning between protozoa and bacteria along with individual 84 AA predictions might require further refinement. As with most model development, evaluations 85 5 of the rumen sub-model with independent data can be helpful for determining areas for 86 improvement. 87
The hypothesis of this study was that the decreased ruminal protein degradation associated 88 with fermentation byproduct inclusion would increase total AA flow at the omasal canal, with 89 limited effects on bacteria and protozoa growth and turnover. This hypothesis was based off the 90 previous findings regarding microbial and non-microbial N flows reported in the companion 91 paper (Fessenden et al., 20XXa) . The objectives of this study were to 1) evaluate the effect of 92 urea with wheat midds or commercial fermentation byproduct on omasal flows of non-microbial, 93 bacterial, and protozoal flows of AA, and 2) provide comparisons of model predicted vs. 94 measured values for rumen microbial digestion and growth parameters. 95
MATERIALS AND METHODS 96
The experiment was conducted from April to July 2014 at the Cornell University Ruminant 97 Center in Harford, NY. All animals involved in this experiment were cared for according to the 98 guidelines of the Cornell University Animal Care and Use committee. The committee reviewed 99 and approved the experiment and all procedures carried out in the study. 100
Animals, Treatments and Experimental Design 101
Eight ruminally cannulated multiparous Holstein cows averaging (mean ± SD) 60 ± 10 d in 102 milk and 637 ± 38 kg of body weight were enrolled in the study. All cows were allowed a 3 wk 103 pre-trial acclimation period where animals were managed and housed in a tie-stall and 104 individually fed a common diet. Cattle were then stratified by pre-trial milk production and 105 randomly assigned to one of two treatment sequences in a switchback design with three 28 d 106 periods. Each period contained 21 d for diet adaptation and 7 d of data and sample collection. 107 6 Treatment diets contained (DM basis) 44% corn silage, 13% alfalfa silage, 12% ground corn, and 108 31% protein premix containing either a control mix of urea and wheat middlings (CON) or 109 Fermenten (EXP) at 3% inclusion rate in the final diet (Table 1) . All cattle received both diets 110 throughout the three experimental periods according to their randomly assigned sequence of 111 either EXP-CON-EXP or CON-EXP-CON (switchback design). Diets were formulated using 112 CNCPS v. 6.5 (Van Amburgh et al., 2015) . Full details of the cattle housing, milking, and 113 feeding management are described in Fessenden et al. (20XXa) . 114
Sample Collection and Processing 115
Digesta flow leaving the rumen was quantified using the omasal sampling technique 116 developed by Huhtanen et al. (1997) and adapted by Reynal and Broderick (2005) . A triple 117 marker system using CoEDTA (Udén et al., 1980) , YbCl3 (modified from Siddons et al., 1985) , 118 and undegraded aNDFom (uNDFom) (Raffrenato et al., 2018 ) was used to quantify liquid, small 119 particle, and large particle flow at the omasal canal, respectively. Double-labeled urea ( 15 N 15 N-120 urea, 98% purity, Cambridge Isotope Laboratories Inc., Andover, MA) was infused into the 121 jugular vein for use as a microbial marker following the method used for studies on urea 122 recycling (Lobley et al., 2000) . Details on marker preparation and infusion are reported in 123 Fessenden et al. (20XXa) . 124
Samples of whole omasal contents were collected from the omasal canal at 2 h intervals 125 during three 8 h sessions: at 16:00, 18:00, 20:00, and 22:00 h on day 24; at 00:00, 02:00, 04:00, 126 and 06:00 h on day 26; and at 08:00, 10:00, 12:00, and 14:00 on day 27. Sampling times were 127 chosen to encompass every 2 h of the average 24 h feeding cycle. During each 8 h session, a 425 128 mL spot sample was obtained at the first 3 time points, while 675 mL were taken at the last time 129 point. Spot samples were split into subsamples of 50 mL (x2), 125 mL, and 200 mL; with an 130
The 2.4 L pooled omasal composites were thawed and separated into omasal large particle 138 (LP), small particle (SP) and liquid phase (LQ) as described in the companion paper (Fessenden 139 et al., 20XXa) . All phase samples were freeze dried and either ground through a 1 mm screen on 140 a Wiley mill (LP) or homogenized with a mortar and pestle (SP and LQ) before analysis. 141
Concentrations of Yb, Co, and uNDFom in each phase were used to calculate the concentration 142 of each nutrient in a theoretical entity representing omasal true digesta (OTD) (France and 143 Siddons, 1986) . As such, the reported flows and concentrations of any given nutrient in OTD is a 144 mathematical calculation based on re-constitution factors determined using the triple marker 145 technique and measured values of the nutrient in LQ, SP, and LP. This mathematical construct is 146 referred to in this paper as OTD. On the last day of each period, rumen contents were evacuated, 147 weighed, mixed, and a representative sample was obtained for pool size determinations and 148 stored at −20 °C prior to lyophilization and determination of rumen nutrient pool sizes. 149
The bacterial isolations from each 8 h sampling period were combined within period to yield 150 an omasal bacteria sample for each cow within period. Microbial isolation was performed 151 according to Whitehouse et al. (1994) with modifications. Briefly; whole omasal contents were 152 filtered through 4 layers of cheesecloth and solids were rinsed once with saline, and the filtrate 153 8 (I) was treated with formalin (0.1% v/v in final solution) and stored at 4 °C. The solids retained 154 on the cheesecloth were incubated for 1 h at 39 °C in a 0.1% methylcellulose solution, mixed for 155 1 min at low speed (Omni Mixer, Omni International, Kennesaw, GA) to detach solids 156 associated bacteria, and held at 4 °C for 24 h. The contents were then squeezed through 4 layers 157 of cheesecloth and the filtrate (II) was treated with formalin (0.1% v/v in final solution). Filtrates 158 I and II were held at 4 °C until the end of the sampling period, then combined and centrifuged at 159 1000 x g for 5 min at 4 °C to remove small feed particles. The supernatant was centrifuged at 160 15,000 x g for 20 min at 4 °C and the bacterial pellet, representing both solid and liquid 161 associated bacteria, was collected and stored at −20 °C until lyophilization and later analysis. 162
Protozoa were isolated from whole omasal contents using the procedure described by Denton were preoxidized with 1 mL performic acid (0.9 mL of 88% formic acid, 0.1 mL of 30% H2O2 190 and 5 mg phenol) for 16 h at 4 °C prior to acid hydrolysis as described above (Mason et al., 191 1980, Elkin and Griffith, 1984) . After hydrolysis, tube contents were filtered through Whatman 192 541 filter paper and filtrate was diluted to 50 mL in a volumetric flask with HPLC grade H2O. 193 Aliquots (0.5 mL) were evaporated at 60 °C under constant N2 flushing, with 3 rinses and re-194 evaporations with HPLC grade H2O to remove acid residues. After final evaporation, hydrolysate 195 was dissolved in 1 mL of Na diluent (Na220, Pickering Laboratories, Mountain View, CA). The N content of bacteria and protozoa was used to calculate flow of OM and DM in each 216 microbial fraction. Partitioning of the microbial pool into bacterial and protozoal pools takes into 217 account the differences in 15 N APE between bacteria and protozoa samples, therefore reducing 218 the underestimation bias introduced by assuming bacterial 15 N enrichment as representative of all 219 microbial biomass (Brito et al., 2007) . Protozoal predation was estimated using the 15 N 220 enrichment of the microbial fractions in the following manner 221
In the preceding calculation, it is assumed that 90% of the enriched 15 N in the protozoa is of 223 bacterial origin; recognizing the capability of protozoa for de-novo synthesis of AA from 224 ammonia (Williams and Harfoot, 1976; Williams and Coleman, 1997; Newbold et al., 2005) . 225
The calculation also assumes that 50% of the engulfed N is incorporated into cell N (Hristov and 226 Jouany, 2005) , an assumption also incorporated into a dynamic version of the CNCPS (Higgs, 227 2014 The value obtained when using a selective retention rate of 25% was used in calculations 257 requiring a total rumen microbial pool size. Justification for this approach is discussed later in 258 this paper. Rumen pool size and omasal flow was then used to calculate the fractional growth 259 rate of total microbial, bacteria and protozoa fractions: = fixed interaction effect of sequence i and treatment l, and εijkl = residual error. Degrees of 295 freedom were calculated using the Kenward-Roger option. Means were determined using the 296 least squares means statement, and treatment means were compared using the PDIFF option. 297
Statistical significance was considered at P ≤ 0.05 and trends were considered at 0.05 < P ≤ 0.10. 298
RESULTS AND DISCUSSION 299

Microbial Nutrient Composition 300
The OM content of omasal bacteria and protozoa did not differ between diets, and averaged 301 84.1 and 87.6%, respectively (Table 2) concentration in protozoa vs. bacteria; however Met was very similar between isolates in that 367 study. Cockburn and Williams (1984) reported mean Met concentrations of 2.4 g / 100 g AA 368 which is very consistent with the average value of the two treatments in this study, 2.45 g / 100 g 369 AA. Inconsistent use and poor reporting of pre-oxidation procedures used among studies makes 370 many comparisons of sulfur AA difficult, as recoveries from pre-oxidation are rarely reported 371 (Spindler et al., 1984) . It is possible that formalin treatment increased the relative proportion of 372 Met in our microbial isolates; however this effect should also be distributed across other AA not 373 affected by formalin treatment. 374
Omasal Flows of AA in OTD, Microbial, and Non-microbial Fractions 375
18 Microbial nutrient flow of DM, OM and NAN flow was not different between diets (Table  376 4). Effects of rumen degradable protein source on omasal nutrient flows have been previously 377 described in Fessenden et al (20XXa) . Cows fed CON vs. EXP tended to have increased 378 bacterial DM and OM flow (4808 vs. 4056 g DM/d and 4023 vs. 3433 g OM/d for CON vs. 379 EXP, respectively). Since bacterial OM and DM flow are calculated using microbial N as a 380 marker, it is likely that the observed difference in microbial N composition contributed to lower 381 calculated DM and OM flows. Protozoa nutrient flows followed similar numeric trends, but 382 flows did not differ significantly between diets. Protozoa accounted for 15.8 and 17.9% of the 383 total microbial NAN flow in cows fed CON vs. EXP, respectively. This estimate is slightly 384 higher than has previously been reported in the literature with animals at similar levels of intake. that overall microbial flow in cows fed CON was well predicted; however the model was 397
insensitive to the numerical difference in microbial flow in CON vs. EXP fed cows (Table 4) . 398
Protozoa flow (g/d) was underpredicted by 43%. It is possible that the coefficients used to 399 calculate protozoa growth are relatively low as they are often based on in vitro studies of the 400 more easily cultured protozoa species (Coleman and Hall, 1984; Coleman, 1992) . The rates of 401 substrate uptake and growth reported in vitro experiments might be considerably lower than 402 those achieved rumen. It is also possible that the predictions of protozoa passage from the rumen 403 are not correct in CNCPS v7 because there are few data on which to build robust equations and 404 the model structure uses particle passage as a basis whereas, protozoa might be passing in the 405 liquid phase, which would lead to underestimations in the current predictions. Future studies 406 measuring microbial N flows should report protozoal contribution to the microbial flow, as data 407 in this area are lacking. 408
The flow of AA in OTD is presented in Table 5 . Most AA demonstrated increased flow in 409 cows fed EXP vs. CON. Total AA flow was increased by 211 g/d in cows fed EXP compared to 410 CON (2456 v. 2245 g/d for CON vs. EXP, respectively; P < 0.01). Omasal flow of Lys, Met, and 411 Phe, were similar between diets, while all other EAA were increased in cows fed EXP compared 412 with CON. Total non-essential AA flow was increased by 116 g/d in cows fed EXP, while Cys 413 flow was the only individual NEAA that was similar between diets. Reynal and Broderick (2005) notable that while total NAN flow was not different between diets, total AA flow was increased 420 in cows fed fermentation byproduct. This would suggest that the NAN flow in cows fed the CON 421 20 diets might have a higher content of non-AA nitrogenous compounds. The observed results 422 might also occur if AA with higher N content are preferentially degraded in the rumen of cows 423 fed fermentation byproduct, thus reducing the measured NAN flow. Overall, fermentation 424 byproduct inclusion increased non-microbial AA flow relative to control. (Table 6 ). Inclusion of 425 the fermentation byproduct had no effect on microbial AA flow, while non-microbial AA flow 426 was increased for most individual AA. This further supports the protein sparing effect of the 427 fermentation byproduct on RDP, as microbial AA flow was not significantly lower, while non-428 microbial AA flow increased by 316 g/d in cows fed EXP compared to CON (P = 0.03). 429
Microbial protein synthesis was apparently not negatively affected by decreased CP degradation, 430
indicating that sufficient AA and N compounds were present to support high rates of microbial 431 growth. It should be noted that the non-microbial AA flows presented in Table 6 are 
Omasal Flows of AA in Bacteria and Protozoa 438
Flows of individual amino acids in bacterial and protozoa fractions were generally not 439 affected by diet (Table 7) . Bacterial Leu flow was increased in cows fed CON vs. EXP (63.4 vs. 
Rumen Pool Size and Kinetics of OM, CHO, Bacteria and Protozoa 462
Rumen pool sizes of digestible OM, CHO, NAN, and microbial NAN were not affected by 463 diet (Table 9 ). Generally, microbial N pool size of 3.5 g of microbial N/L was similar to that 464 The values in this experiment were within the range of 17 to 27 % of the rumen DM pool as 471 microbial DM reported by Craig et al. (1987) . 472
Selective retention of protozoa in the rumen is not well understood, and estimates range from 473 < 5 % (Sylvester et al., 2005) to over 70% (Punia et al., 1992) . Since rumen protozoa mass was 474 not quantified directly in this study, the effect of 4 different levels of retention is described in 475 Table 9 . Further, since total rumen microbial pool size was estimated from 15 N enrichment of the 476 rumen NAN pool, it is possible to evaluate the effect of selective retention on pool sizes, 477 assuming total microbial 15 N pool size remains constant. Therefore, at 0% selective retention, we 478 expect the protozoa to account for the same proportion of total rumen microbial N as measured 479 in OTD flow, while at greater levels of retention, protozoa account for larger portions of the 480 microbial pool. Bacteria pool size was decreased in cows fed EXP vs. CON, and bacteria vs. 481 protozoa pool sizes diverged as estimated selective retention increased. At the highest estimation 482 of selective retention, protozoa were calculated to represent 55 to 58% of the total microbial pool 483 (CON vs. EXP, respectively, P = 0.40). 484
To assess which level of selective retention of protozoa is likely most correct, it was possible 485 to use pool size and flow to estimate fractional rates of turnover (Table 10 ). In this case, since 486 actual flows and microbial pool size were measured, the rate of turnover of the pool can be used 487 as an index of microbial growth rate (Wells and Russell, 1996) . Recognizing that the main 488 energy substrate for rumen bacteria is CHO (Russell et al., 1992) , and assuming the maximum 489 yield of cell DM per g of CHO degraded is 0.5 (Isaacson et al., 1975) , one can quickly determine 490 23 which retention values allows for realistic growth rates. In this instance, selective retention at 491 50% indicate that bacteria would have to grow at a fractional rate of 0.07 h -1 , corresponding to a 492 CHO degradation rate of 0.14 h -1 (0.07 / 0.5). Given the estimated pool size (g) and digestion 493 (g/h), the fractional rate of CHO availability in this study averaged 0.138 h -1 of the available 494 pool; therefore theoretical maximal fractional growth rate was estimated at 0.138 x 0.5, or ~ 495 0.069 h -1 . Using the measured total microbial pool at 25% selective retention, it was calculated 496 that the fractional growth rate of all microbes in the rumen was 0.061 h -1 . This corresponds to an 497 estimated Yg of 0.44 g/g of CHO degraded. This value is close to the theoretical maximums for 498 individual species reported in pure cultures (Russell and Baldwin, 1979; Theodorou and France, 499 2005) . In vitro measurements of mixed rumen microbes often give yields on the high range of 500 those observed in pure culture (Russell and Wallace, 1997) . The range of yields (29 to 100 g / 501 mol of hexose) reported by Russell and Wallace (1997) , correspond to Yg of 0.16 to 0.55 g / g of 502 glucose degraded. Stouthamer (1973) estimated a maximal Yg of approximately 0.8 g / g of 503 glucose using biochemical pathways, indicating the possibility for much higher yields in some 504 bacterial species; however values this high are rarely reported in vitro with mixed rumen 505 microbial fermentations. It is possible that higher growth rates could be achieved in vivo, as it 506 can be very difficult to maintain ideal conditions for microbial growth outside the rumen. 507
The CNCPS relates cell growth directly to CHO availability in the manner described above, 508 so accurate estimates of CHO degradation are key to accurately predicting microbial yield. 509
Simulations indicated that the model characterized CHO digestion reasonably well (Table 10 ) 510 with predicted absolute rates of degradation approximately 37 grams lower than observed. This 511 corresponds to a fractional rate of degradation of CHO at 0.124 h -1 . Given the predicted 512 microbial yield (Table 4) , the apparent Yg used by the model was 0.45 g / g of CHO degraded in 513 24 the rumen; very similar to the value observed in vivo. Unfortunately, many other in vivo studies 514 investigating rumen outflows do not report rumen pool sizes or individual microbial populations, 515 thereby limiting the utility of the data for model evaluation. Even so, the limited data presented 516 here shows good agreement of predicted vs. independent measured values, indicating that the 517 structure of the model is likely adequate to provide accurate estimates of microbial yield from 518 substrate degradation. This provides a strong basis from which to improve AA supply 519 predictions, as microbial AA represents a large portion of metabolizable AA flowing from the 520 rumen. 521
CONCLUSIONS 522
The inclusion of the fermentation byproduct in EXP diets increased microbial N and AA N 523 flows compared with CON cows fed a urea control. Microbial AA composition did not differ 524 between diets; however estimates of total AA N and specific AA were likely lower than 
